We used bilateral median nerve stimuli to find out possible hemispheric dominance in the activation of the second somatosensory cortex, SII. Somatosensory evoked fields (SEFs) were recorded from 14 healthy adults (7 right-handed, 7 left-handed) with a 306-channel neuromagnetometer. Electrical stimuli were applied once every 3 s simultaneously either to the left and right median nerves at the wrists or to the palmar skin of both thumbs. Sources of SEFs were modeled with four current dipoles, located in the SI and SII cortices of both hemispheres. The SI activation strengths did not differ between the hemispheres, whereas the SII responses were significantly stronger in the left than in the right hemisphere. In right-handers, the left/right SII ratios were 1.9 and 1.8 for wrist and thumb stimuli, respectively. The corresponding values were 1.5 and 1.7 in left-handers. The results indicate handedness-independent functional specialization of the human SII cortices. © 2002 Elsevier Science (USA)
INTRODUCTION
Unilateral stimulation of peripheral nerves activates the contralateral primary somatosensory cortex (SI) and the bilateral secondary somatosensory cortices (SII); for a review, see Hari and Forss (1999) . Previous magnetoencephalographic (MEG) studies have reported that the human SII cortex responds to both contra-and ipsilateral stimuli, with a clear contralateral dominance (Hari et al., 1983; Kakigi, 1994) . However, a part of this dominance could be due to hemispheric asymmetry rather than due to contralaterality only.
In previous MEG studies with right-handed subjects, unilateral stimulation of the median nerve activated more strongly the left than the right SII, regardless of the stimulated hand (Forss et al., 1994a Wegner et al., 2000) , which suggests that SII is preferentially activated in the dominant hemisphere. Because SII is activated by both ipsi-and contralateral stimuli, it might be involved in bimanual integration. Thus, it would be relevant to study the possible hemispheric dominance of SII activation also during bilateral stimulation.
In the present study, we aimed to find out whether the hemispheric SII dominance is evident during simultaneous stimulation of both hands, either of nerve trunks or of the skin, and to what extent it would be related to the handedness of the subjects.
METHODS

Subjects, Stimuli, and Experimental Conditions
This study received prior approval by the Ethical Committee of the Helsinki Uusimaa Hospital District, and a written informed consent was obtained from all subjects.
Somatosensory evoked fields were recorded from 14 healthy subjects whose handedness was assessed by the Edinburg Handedness Inventory (Oldfield, 1971) in which the scores of handedness ("lateralization quotient") vary between ϩ100 (strong right-handedness) and Ϫ100 (strong left-handedness). Seven subjects were right-handed (three females, four males, ages 24 -42 years, mean 34 Ϯ 2 years) and seven lefthanded (one female, six males, ages 21-34 years, mean 27 Ϯ 2 years). The mean handedness scores were ϩ69 Ϯ 12 for the right-handers (range from 26 to 100) and Ϫ86 Ϯ 5 for the left handers (range from Ϫ60 to Ϫ100).
The left and right median nerves were stimulated simultaneously once every 3 s by electrical stimuli applied via skin electrodes (pad separation 25 mm) either on the median nerve at the wrist or on the palmar skin of the thumb. The stimulus intensity (5.5-11 mA, mean 8 mA) exceeded the motor threshold for the nerve trunk stimuli and was adjusted to pro-duce subjectively equal sensations in both wrists. For thumb stimuli the intensity was ϳ2 mA stronger (7.5-14 mA, mean 10 mA). The order of the conditions was randomized across subjects.
Recording
During the recording the subject was sitting comfortably with the head against the inner vault of the magnetometer.
Somatosensory evoked fields (SEFs) were recorded with a 306-channel helmet-shaped neuromagnetometer (Vectorview; Neuromag Ltd., Helsinki, Finland) which contains 102 identical triple sensors. Each sensor element comprises two orthogonal planar gradiometers and one magnetometer, thereby providing three independent measures of the magnetic field at each sensor location. The exact position of the head with respect to the sensors was found by measuring magnetic signals produced by currents led into four indicator coils that were placed at known sites on the scalp. The locations of the coils with respect to landmarks on the head were determined with a 3-D digitizer to allow alignment of the MEG and magnetic resonance (MR) image coordinate systems. The signals were recorded with a passband of 0.03-200 Hz and digitized at 600 Hz. The analysis period of 700 ms included a prestimulus baseline of 200 ms, and about 120 epochs were averaged for each condition. Epochs coinciding with signals exceeding 150 V in the simultaneously recorded vertical electro-oculogram were automatically rejected from the analysis.
The magnetic resonance images (MRIs) of the subjects' brains were acquired with a 1.5-T Siemens Magneton system.
Data Analysis
The measured signal patterns were interpreted by means of four-dipole models. For source identification, the head was assumed to be a sphere, the dimensions of which were found on the basis of individual MRIs, when available.
The signals were first divided into several time periods, during each of which one equivalent current dipole (ECD), best describing the most dominant source, was first found by a least-squares search using a subset of channels over the maximum response. These calculations resulted in the three-dimensional location, orientation, and strength of the ECD in a spherical conductor model. The final source model consisted of four dipoles, one in the SI cortex and one in the SII cortex of each hemisphere. The mean SI source locations were 7-8 mm more lateral along the Rolandic fissure for thumb than for wrist stimuli, whereas the SII sources did not differ for the two stimuli. Therefore in the four-dipole models different SI sources were used for thumb and wrist stimuli, whereas the SII sources were identical. In the models, the dipole locations and orientations were kept fixed but the strengths were allowed to change as a function of time to provide the best fit to the data.
Statistical Tests
Statistical significances of differences between the conditions and the groups of subjects were tested with Student's two-tailed t test. Figure 1 illustrates the distribution of the somatosensory magnetic fields for right-handed Subject 5. In the left hemisphere, the earliest deflection to nerve trunk stimuli peaked at 20 ms and was followed by deflections of opposite polarities at 28 and 38 ms (solid line in inset 1); in the right hemisphere, the corresponding deflections occurred at 20, 28, and 85 ms (solid line in inset 2). Later deflections were seen at 92 ms over the left and at 108 ms over the right temporal regions (insets 3 and 4, respectively).
RESULTS
To thumb stimuli, the responses were slightly delayed and smaller. In the left hemisphere, the first deflection peaked at 25 ms and was followed by a deflection of opposite polarity at 57 ms (dashed line in inset 1). In the right hemisphere, the corresponding deflections peaked at 25 and 50 ms (dashed line in inset 2). The later signals in the left and right temporal regions peaked at 128 and 133 ms, respectively (insets 3 and 4, respectively). Figure 2 shows source locations of the same subject superimposed on his own MR images. The sources for the early deflections are located in the posterior wall of the central fissure, in the hand area of the SI cortex. The longer latency responses originate bilaterally in the upper lips of the Sylvian fissure, corresponding to locations of the SII cortices.
The right side of Fig. 2 shows the strengths of the four dipoles as a function of time for the same subject. The SII responses were clearly stronger in the left than the right hemisphere. All responses were weaker and slightly later to thumb than to wrist stimuli, and this difference was stronger for the SI than for the SII activations. Figure 3 shows the mean (ϩSEM) source strengths for right-and left-handers. The SI activations were equally strong in both hemispheres to both stimuli, whereas the SII activations demonstrated a statistically significant left-hemisphere dominance in both subject groups. Moreover, all SI and SII sources were significantly stronger (P Ͻ 0.001) for nerve trunk ("wrist") than for skin ("thumb") stimuli. Figure 4 shows the mean (ϩSEM) left/right source strengths. SI activations did not differ between the hemispheres, whereas the SII activations were significantly stronger in the left hemisphere in both subject groups. For right-handers, the SII activation was 1.9 Ϯ 0.4 (P Ͻ 0.05) and 1.8 Ϯ 0.2 times (P Ͻ 0.01) stronger in the left than in the right hemisphere for wrist and thumb stimuli, respectively. The corresponding values for left-handers were 1.5 Ϯ 0.1 (P Ͻ 0.001) and 1.7 Ϯ 0.2 (P Ͻ 0.001). These values did not differ statistically significantly between the two subject groups. Table 1 gives the mean (Ϯ SEM) peak latencies and source strengths for wrist and thumb stimuli in both subject groups. For right-handers, SI activation was 2.8 Ϯ 0.4 times (P Ͻ 0.001) and SII activation 2.0 Ϯ 0.2 times (P Ͻ 0.001) stronger for wrist than for thumb stimuli. For left-handers the corresponding ratios were 3.3 Ϯ 0.4 (P Ͻ 0.001) at SI and 1.7 Ϯ 0.2 (P Ͻ 0.001) at SII; in this subject group, the ratios were statistically significantly larger (P Ͻ 0.01) for SI than for SII cortex.
For right-handers, the SI activity peaked 5 ms later in response to thumb than to wrist stimuli (P Ͻ 0.001). The corresponding delay was of 11 ms at SII (P Ͻ 0.05). For left-handers, the corresponding delays were 4 ms at SI (P Ͻ 0.001) and 6 ms at SII (P Ͻ 0.01). These latency data agree with previous studies (Hashimoto, 1987; Forss et al., 1994a) . No significant thumb vs wrist differences were observed between the two groups of subjects or between the two hemispheres.
DISCUSSION
We observed significantly stronger activations in the left than in the right SII cortex after bilateral median nerve stimulation; the result was similar in both rightand left-handed subjects and for both wrist (nerve trunk) and thumb (skin) stimuli. This finding suggests different functions for the left and right SII cortices, unrelated to the handedness of the subjects. The symmetric early SI activations speak against the possibility that the difference would have derived from different stimulation intensities on each side.
Stronger left than right SII activation has been reported also in previous MEG studies that applied unilateral (Forss et al., 1994a (Forss et al., ,b, 1999 Wegner et al., 2000) or bilateral median nerve stimuli (Shimojo et al., 1996) ; however, only right-handed subjects were studied, or the handedness of the subjects was not specified.
A strong interaction between the inputs from the two hands has been observed in the human SII cortex with MEG recordings both as prolonged latencies (Simões and Hari, 1999) and as suppressed activity (Wegner et al., 2000; Simões et al., 2001) without, however, any reports on hemispheric differences. Comparison of the arithmetic sum of responses to unilateral right and left median nerve stimuli with responses to simultaneous bilateral median nerve stimuli has shown a trend for stronger suppression in the right than in the left SII (Shimojo et al., 1996) .
Thus, we cannot rule out the possibility that a slightly stronger interaction of simultaneous bilateral inputs in the right SII would have contributed to the observed left-hemisphere SII dominance. Moreover, due to anatomical differences, the net current flow could, in principle, be more radial in the right than in the left SII region and thereby further contribute to the present findings. Combined EEG and MEG recordings could help to clarify this issue.
Despite these methodological constraints, the left and right SII regions could really differ in their functional roles. The majority of monkey SII neurons have bilateral receptive fields (Burton, 1986) , and the SII   FIG. 4 . Mean (ϩSEM) ratios of the source strengths in the left vs right hemisphere, shown separately for wrist and thumb stimuli in both subject groups (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001). cortices seem to play an important role in integrating sensory information from both body halves. SII cortices have been also attributed to tactile memory (Ettlinger, 1978) . Beyond that the role of the SII cortex in somatosensory processing is rather poorly known. We recently observed left-hemisphere SII dominance, similar to that in the present study, in righthanded subjects whose right and left index fingers were passively moved to elicit mainly proprioceptive afferent input (Alary et al., 2002) . On the other hand, painful CO 2 stimulation of the nasal mucosa has been observed to activate more strongly the right than the left SII region (Hari et al., 1997) , and the right SII is apparently required for recognition of emotions from visually presented human facial expressions (Adolphs et al., 2000) .
It is thus possible, and worthy of further experimental testing, that the human SII cortex displays hemispheric specialization in processing of somatosensory information, with the right SII region being more related to evolutionarily older, emotion-related aspects of sensory processing, whereas the left SII could be preferably involved in tactile and proprioceptive processing related to bimanual skilled movements.
